Microelectronics processing technology spawned a new area of science and engineering exemplified by the acronyms MEMS (microelectromechanical systems) and NEMS (nanoelectromechanical systems). Microengineering is a multidisciplinary investigation of the physics and science of the submillimeter scale world and the application of this understanding to develop mass-producible microdevices and systems. Aerospace systems will benefit from microengineering technology due to reduced size, mass and power requirements for many standard functions. Microengineering can also enable precise control of surfaces and fluid dynamics. This paper provides an overview of microengineering relevant to aerospace systems. Special focus is given to fabrication and development of micropropulsion systems.
I. Introduction
Microengineering is the discipline of how to make useful machines small and how to fabricate them inexpensively. Over 40 years ago, photolithography enabled economical batch-fabrication of active semiconductor devices. Batch-fabrication is a powerful manufacturing method that allows multi-million-component devices such as microprocessors to be fabricated as a single piece part. About 10 years ago, batch-fabrication of microelectromechanical systems (MEMS) initiated a revolution which brought "eyes, ears, noses, and muscles" (sensing and actuation) to electronic systems which were subsequently integrated into mass-market consumer goods such as automobiles and ink-jet printers.
MEMS, most commonly called "microsystems" in Europe, offer mass-production of small, intelligent instruments with higher reliability and reduced cost through the reduction of the number of pieceparts and the elimination of manual assembly steps.
During the past decade, MEMS development has made enormous strides in refining fabrication, processing and packaging techniques which now permits the manufacturing of complex microsystems that have semiautonomous behavior. Complex microsystems that have solitary action behavior 1 and those that require the concerted action of thousands of components to function have been manufactured. 2 Microengineering has emerged as an interdisciplinary subject incorporating the sciences (e.g. chemistry, physics, biology etc.), MEMS, advanced microelectronics packaging, micro and nanoelectronics, advanced material processing, control systems, and information theory. 3 In the near term, microengineering will enhance the reliability of existing macrosystems by providing timely information regarding system health and status. MEMS allows the integration of typically non-electronic sensors such as pressure, acceleration, strain, and chemical species to be directly integrated with signal conditioning and digital logic electronics on a single "chip". As a consequence, components and subsystems can be repaired or replaced based on their condition rather than time of operation.
MEMS also provides sub-millimeter actuators which can be used in parallel to control the "flux" of mechanical, fluidic, chemical or electromagnetic energy across or along a surface. For example, pressure sensors, mechanical actuators and microelectronics can be imbedded at critical surfaces to control continuum or rarefied gas flows in order to reduce drag or to "trip" a boundary layer. Developmental work being conducted at UCLA and at Caltech show that a MEMS actuator inserted at the boundary layer of a delta wing aircraft enables abrupt changes in the flight dynamics of a scale model Mirage fighter. 4 To date, microengineered systems which are most likely to be inserted into aerospace applications include a)pressure sensors, 5 12 and h)micropropulsion systems. 13 MEMS in the form of microelectro-optical systems (MOEMS) will also find application in aerospace systems. 14 Terrestrial applications for MOEMS include fiberoptic switches and miniaturized optical bar code scanners.
Evolutionary adaptations of these applications for aerospace systems include fiber optic switching networks for fly-by-light aircraft and spacecraft, short-range free-space laser communications links, and active laser retroreflectors. MOEMS for imaging systems could be used in micro unmanned aerial vehicles 15 (micro-UAV) or microsatellites. 16 In both cases MOEMS technology will be necessary to miniaturize the optical sensor platform. Not evident at first but MOEMS also simplifies the integration and complex packaging of systems.
We believe that 10 years from now, batchfabricated microsystems composed of integrated microelectronics and MEMS should pervade both aerospace and space systems. Researchers at The Aerospace Corporation have investigated MEMS technology and have determined how it could be inserted into space systems. 17, 18, 19 Examples of MEMS and microsystems that can be incorporated in spacecraft are given in References 20 and 21. We will now focus on microengineered propulsion systems that can enable new aerospace systems such as long-duration micro UAVs and kilogramclass nanosatellites
II. Micromachined air-breathing propulsors and actuators
One simple illustration of solid-state propulsion suitable for manufacture using MEMS technology is the "synthetic jet", illustrated in Figure 1 . These devices, first presented by Coe et al. are based on a simple concept of pumping fluid in an oscillatory motion and taking advantage of the non-reversible nature of the cycle introduced by the fluid viscosity.
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The actuator is comprised of a cavity with a small hole. The volume of the cavity is modulated in an oscillatory fashion.
In principle, any mechanical device could be used to drive the cavity volume, although in practical applications (particularly MEMS-fabricated devices), a vibrating membrane or a cantilever beam, operating at its resonant frequency is used. By operating the structure at its resonant frequency moderate driving amplitudes can be achieved (1-5 microns in a MEMS device). The actuator operates by alternately sucking and blowing fluid through the small hole and by utilizing the fact that the pump stroke results in a directed jet, while the suction stroke draws fluid in from all directions. The net effect, integrated over many cycles of the membrane motion, is that fluid is drawn in from the sides with low momentum, and to expel upwards with high momentum -somewhat mimicking the propulsion action of a squid. The concept of the fluid rectifying an oscillatory mechanical motion though viscosity is not new and was first recognized by Ingard & Labate in the context of high amplitude acoustics. 24 In recent years it has been re-discovered and used to great effect in flow control applications. 25, 26, 27, 28, 29 It has a natural appeal in MEMS devices however, because the mechanical motion is easy to achieve and can be driven at high frequency. Jet velocities up to 30 m/s have been reported (depending on the fluid and the device size). It should be noted, however, that as a whole, the device is not very efficient since the total momentum imparted to the jet is small compared to the energy expended in the unsteady acceleration of the fluid in and out of the actuator cavity.
Fabrication of synthetic jets using MEMS techniques has two attractions. Firstly, device uniformity is high and losses associated with mechanical inefficiencies are minimized by the typically high-Q performance of MEMS devices (particularly if the device is manufactured using single crystal silicon as its mechanical material). Secondly, MEMS can be used to construct arrays of actuators to increase the thrust of the system. Arrays of synthetic jets have been demonstrated by Glezer & Allens's groups at Georgia Tech who have pioneered much of the synthetic jet work including arrays of synthetic jets fabricated and operated side by side.
III. Micro-Jet Engines
A very ambitious and aggressive example of micromachined actuators for both propulsion and energy conversion is illustrated in Figure 2 which shows the cross section of the MIT microengine -a complete gas turbine on a chip. 30 This device, currently in development, is comprised of a radial compressor, combustion chamber and radial turbine. Detailed studies indicate that the device, using hydrogen as its fuel, will produce 0.2 Newtons thrust with a thrust to weight ratio comparable to that found in conventionally-sized gas turbine engines. 31 The addition of an electrostatic induction generator (mounted on the compressor shroud) converts the device into a turbo-generator, estimated to generate approximately 10-20W of electrical power. An SEM of the turbine is shown in Figure 3 which illustrates the complex geometric design of the device. Note that the gap between the stator and rotor blades is approximately 10 microns wide and 300 microns deep. This forms the gas-lubricated journal bearing which supports the rotor (in the radial direction) as it rotates (at 2.4 million RPM). The high aspect ratio of this device, machined using Reactive Ion Etching (RIE), is an example of the rapidly-advancing state of MEMS technology which has enabled the design of new highperformance micromachined devices that would not have been possible only three years ago. 
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IV. Micro Nozzles for space propulsion
Another example of RIE etching, shown as SEMs in Figure 4 , shows microfabricated supersonic nozzles for space propulsion applications. Three-dimensional nozzles are usually necessary to obtain maximum efficiency. One approach for the production of three-dimensional nozzles is to use anisotropic etching of single-crystal silicon which creates pyramidal shaped cavities that can form converging or diverging nozzles of square or rectangular cross section. An alternative approach is to use laser-processing techniques to fabricate nozzles of unlimited geometry in a variety of materials. Figure 5 shows two optical microscope views of a nozzle with a throat diameter of 100 µm and an expansion ratio of 10:1 fabricated in a photosensitive glass/ceramic material (Foturan TM manufactured by Schott Glassworks of Germany). 33 Glass/ceramic nozzles offer a "seethrough" substrate and significantly reduce thermal conduction losses compared to silicon. The material is also considerably harder than silicon (processed Foturan TM : Modulus of Rupture is 150 N/mm 2 and the Knoop hardness is 4600-5200 N/mm 2 ).
One question associated with such small fluidic nozzles is the effect of the small scale on the flow. As one would expect, the device performance is degraded due to viscous losses. This is illustrated in Figure 6 , which shows the experimentally measured and numerically predicted values of the mass flow efficiency versus Reynolds number.
The results indicate that the mass flow maintains a reasonably high efficiency at all but the lowest Reynolds numbers. Similar results are found for thrust efficiencies. Good agreement is found with Navier-Stokes calculations. 
V. MicroFluid Modeling
The example of the micromachined nozzles shown above illustrates the crucial need for accurate modeling of the fluid behavior in micromachined geometries. The small dimensions of the system imply that the devices operate in a somewhat unfamiliar parameter regime. The most obvious example is the pervasive low-Reynolds number flow which, for flows such as nozzle flows, turbomachinery, etc., is quite different from its counterpart in macroscopic machinery. The second effect of small scale is the possibility that the continuum assumption for the fluid might break down. This is described (for gases) by the Knudsen number
where λ is the typical mean-free-path of the gas and H is the characteristic device length scale. As an example, air in a 1 micron gap at standard temperature and pressure corresponds to a Knudsen number of approximately 0.07. For Kn below 0.01, standard continuum fluid models are quite sufficient. However, as the Kn rises, the first non-equilibrium effect that needs to be considered is the effect of the slip layer at a solid surface which results in non-zero velocities (or a slip flow) at wall boundaries. In the case of a non-isothermal flow, there is also a temperature jump between the surface and the fluid. These are quite familiar effects in any rarefied flow and can be incorporated into continuum (i.e. Navier-Stokes) computations by simply replacing the standard "no-slip" boundary conditions at the wall with a Maxwellian "slip-flow" boundary condition for the tangential velocity u: Other, higher-order boundary conditions have also been proposed, 35 although available experiment results in microchannels at small to moderate Knudsen numbers indicate that the first-order condition appears sufficient. 36 Although the effects of high Knudsen number are at first glance no different from conventional (high-altitude, low pressure) rarefied gas dynamics, MEMS devices have two aspects that are unique to the small-dimensions -the effects of the surface roughness and surface accommodation. Unlike standard low-pressure rarefied flows, the surface conditions in MEMS can vary considerably from atomically smooth surfaces (in the case of crystalline Silicon surfaces) to surfaces with appreciable roughness. These surface conditions are highly process-dependent and may well have a significant effect on the overall flow in the device. In particular, for rarefied flows, the momentum and energy accommodation coefficients may not be unity (as is usually assumed in macroscopic flows). Recent experiments of flows in micromachined channels have explored this, 25 and have found that in addition to the expected gas rarefaction, the tangential accommodation coefficient between the gas and the Silicon substrate was measured to be approximately 0.8. Although this is not a huge departure from the standard engineering value of 1, it is significant, particularly when careful simulations of viscous effects on the performance of MEMS devices are required. This is currently a subject of active investigation.
As the Knudsen number increases further, modified Navier-Stokes equations are no longer appropriate and molecular-based computations become necessary. The most popular approach is the Direct Simulation Monte Carlo (DSMC) technique, developed and popularized by Bird in the context of high-atmospheric and hypersonic flows. 37 The application of DSMC to MEMS flows is straightforward and has been demonstrated in a number of relatively simple geometries such as long two-dimensional channels. 38, 39 Some complications peculiar to the simulation of MEMS devices do naturally arise. Unlike typical hypersonic and re-entry problems, MEMS devices operating at low or moderate Mach number are characterized by large molecular thermal velocities compared with typical molecular drift velocities. This means that random statistical variations that are inherent in DSMC (and other molecular-based numerical schemes) are large compared to the flow velocities and thus long averaging times are required to obtain statistically-converged simulations (recall that the average of the normally-distributed random variable converges as N -1/2 where N is the number of samples). This makes simulations of flows in MEMS very computationally intensive and to be avoided unless the flow regime absolutely requires this approach. A second difficulty that arises with low Mach number DSMC computations is the treatment of inflow-outflow boundary conditions. At high Mach number, molecules entering the simulation domain can be assumed to be independent of the flow conditions inside the domain. Similarly, molecules leaving the domain at high Mach number do so with effectively no regard to the flow conditions downstream (i.e. outside the computational domain). At low Mach numbers however, the propagation characteristics of the flow change and the DSMC boundary conditions must be modified to account for this. An approach based on CFD-style Riemann characteristics has been successfully demonstrated. 38 Clearly, the most promising approach in the future is to use molecular schemes, such as DSMC, only in the small regions of the flow where they are absolutely necessary, and to use continuum-based schemes in the regions of the flow where the Knudsen number is acceptably low. As with the low-Mach number boundary conditions discussed above, the matching of these two approaches presents some challenges.
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VI. Microthrusters and systems
How does one build propellant tanks, propellant lines, valves, etc. using batch-fabrication techniques? One solution is to bond several micromachined layers together so that thin surface cavities become tubes and large cavities become propellant tanks. Figure 7 shows a basic propulsion system concept where three layers are bonded together to form a propellant tank, associated plumbing, and simple expansion nozzles. MEMS valves, pumps, mixers, flow monitors, and temperature sensors have already been demonstrated by a number of researchers. 41, 42, 43, 44, 45, 46 As a complete system, MEMS thruster development is less mature, but significant research efforts have been initiated. Recent microthruster reviews can be found in References 47, 48 and 49, and MEMS thruster development in the USA is currently underway at The Aerospace Corporation, TRW, NASA-JPL, MIT, CalTech, and the NASA-Lewis Research Center. 50 ,51,52,53 Figure 7 . Schematic assembly of a dual thruster micropropulsion system based on microfabrication techniques.
The simplest microthruster one can build is a cold gas thruster. At The Aerospace Corporation, we used direct-write laser machining of Foturan TM to fabricate 3D axisymmetric exit nozzles for a 1-mN-class thruster. 54 Two nearly identical nozzles were used to fabricate the bi-directional cold gas microthruster module shown in Fig. 8 . This module integrates laser-processed Foturan parts with two commercially available (circa 1996) MEMS valves (EG&G IC Sensors Corp. Model 4425-15) that are 4-mm-square. Each valve is directly coupled to an exit nozzle and both valves share a common gas plenum. 
Assembled Thruster
Using a more integrated packaging scheme, the microthruster module in Figure 8 can be reduced in size by a factor of two-to-four. Key aspects of this thruster are a gas plenum 1 mm deep by 36 mm 2 , the use of two silicon microvalves (one for each direction) in this plenum, and the 3D axis symmetric laser fabricated micronozzles. The hourglass nozzle, shown in Figure 5 was fabricated from one side only and without trepanning.
The silicon thruster valves had a limited stroke; boss-to-valve seat gaps are typically about 20-microns in the open state, thus introducing flow impedance. In addition, electrothermal valves are sensitive to operating temperature and heat transfer to the fluid that is being controlled. We characterized the bi-directional thruster in a vacuum chamber at 5-milliTorr ambient pressure using an inverted pendulum thrust stand based on a NASA-Lewis design. 55 Thrust measurement accuracy was 0.1-mN and mass flow rate measurement accuracy was 5 x 10 -8 kg/s. Figure 9 shows thrust as a function of feed pressure and valve voltage using room temperature argon as the propellant. The silicon valves are normally closed, and they begin opening at applied voltages greater than 4.5 V. For 5-Volt operation, the mass flow rate and hence thrust increase as feed pressure increases up to about 19-psi. At higher feed pressures, the thrust (and mass flow rate) drops due to valve cooling by the propellant. An almost linear thrust vs. feed pressure relationship is obtained at 5.5-Volt operation. The maximum thrust of 1-mN at 24.5-psia feed pressure is about an order-of-magnitude below what the nozzle itself can produce at equivalent feed pressure; the thrust level is limited by viscous losses in the microvalve. Estimated minimum impulse bit, based on the 100-ms valve response time, is 0.1-mN-seconds.
Using a different type of thruster concept, TRW, The Aerospace Corporation, and the California Institute of Technology are developing a "digital thruster" under DARPA support. 53 Digital propulsion consists of single-shot thrusters that individually produce only one impulse each; spacecraft maneuvers are performed by firing unused thrusters at specific locations at the right times. Microfabrication enables the creation of large arrays of addressable thrusters, e.g., 10,000 on a 10-cm square surface using 1-mm center-tocenter spacing. The digital thruster system is planar, scaleable in area, does not require separate propellant tanks or plumbing, does not require microvalves, and can also function as support structure. Figure 10 shows a schematic crosssection of the basic concept. The Aerospace Corporation effort has been to design and fabricate thruster components, test various propellants, and characterize thruster performance. The top ("diaphragm") layer is a 400-micron-thick silicon die, which has a 0.5-micron-thick coating of low-stress silicon nitride on its top and bottom surfaces. Square openings in the top nitride layer are patterned using laser ablation and the bulk silicon is anisotropically etched using potassium hydroxide (KOH). This leaves a 70. The middle "tank", or propellant storage layer, is 1-mm-thick Foturan TM which is direct-write laserexposed, baked to a semi-ceramic state, and then etched in a 5% HF solution in water at 40 degrees C to leave cylindrical cavities. We have fabricated cavities ranging from 300-to-800-microns in diameter on 1-mm centers with little difficulty. Non-circular cross sections (hexagonal, square, star, etc.) can also be fabricated to improve propellant packing efficiency or to control burn characteristics.
The bottom "initiator" layer is a 6-mm-square silicon die that has a 3-micron-thick layer of thermally-grown oxide, a 0.5 or 1-micron thick patterned polysilicon layer, and a 0.35-micron thick metal layer on top. The oxide serves as a transient thermal insulator, the polysilicon traces are 100-Ohm resistors that can also serve as exploding bridge wires, and the metal traces serve as electrical interconnects. Figure 11 shows an assembled three-layer "rocket chip" mounted in a 24-pin ceramic dual inline package (DIP).
The current thruster system consists of 15 solid propellant thrusters in a 3 by 5 array plus four extra outboard nozzles that serve as alignment ports for assembly. A potential of 100-V applied across a 100-Ohm polysilicon resistor (1-micron-thick by 20-microns-wide by 400-microns long) causes it to promptly vaporize, thus generating a pressure wave that ignites lead styphnate, a primary explosive.
Complimentary metal oxide semiconductor (CMOS) circuits are pervasive in today's world; they are used in computers, wireless telephones, most "smart" appliances, automobiles, etc. A large number of CMOS "foundries" exist, and a fair number are available for custom circuit fabrication. In addition, CMOS processes can be used to produce MEMS if the dice are designed such that selected regions of the silicon substrate are exposed after fabrication. Normally, several layers of dielectric material, metal conductors, and polysilicon cover the silicon base die, topped by a final patterned dielectric layer that prevents contamination of all underlying layers.
Liquid etchants such as HNO 3 and HF in water or acetic acid attack all exposed silicon or polysilicon equally and can be used to undercut dielectric or metal areas. Liquid etchants such as KOHwater, 56, 57 hydrazine-water, 58, 59 ethylenediaminepyrocatechol-water (EDP), 60, 61 or tetramethylammonium hydroxide (TMAH) 62, 63 attack the <111> planes of silicon at a much slower rate than the other planes to produce "chiseled" cuts. These cuts follow the <111> planes that form a 54.7 o angle with the surface for an <100>-oriented silicon substrate typically used for CMOS fabrication. Reference 64 provides historical information on anisotropic etching to create useful devices, while reference 65 points to an on-line address where one can download a Windows TM program called ACES (Anisotropic Crystalline Etch Simulator) that simulates and graphically displays the etching process. Anisotropic etch rates are typically about 1 micron per minute and in practice, EDP and TMAH are typically used for bulk micromachining of CMOS dice. Figure 12 shows an SEM of an etched, thirdgeneration, 3-Watt CMOS resistojet that includes an integrated flow sensor and power transistor. 66 The resistojet heater is composed of a glassencased polysilicon mesh that is suspended over an etched plenum. Flow sensing is accomplished using a CMOS microbridge structure that emulates a hot wire anemometer. 67 Two polysilicon resistors, one upstream and one downstream, are co-fabricated on a common trampoline structure just upstream of the plenum (top right of figure  12) . Resistance of the downstream polysilicon element is monitored as a function of upstream resistor power. The CMOS die in figure 12 was deliberately over-etched to test the robustness of the glass-encased polysilicon resistor mesh, which resulted in some warpage of the trampoline anemometer structure.
We are currently characterizing heater performance under no-flow conditions, and expect to characterize resistojet performance within a few months. 
VII. Summary
Microengineering will enable smaller, lowerpower, and cheaper microinstruments that can support a variety of aerospace missions. Batchproducible MEMS sensors currently include pressure, flow rate, acceleration, angular velocity, and chemical species selection. MEMS actuators such as valves, synthetic jets, boundary layer trip devices, micro jet engines and microthrusters may enable micro UAVs and nanosatellites. The authors have fabricated and demonstrated MEMS synthetic jets and several microthrusters.
